Rabi-Kondo correlated state in a laser-driven quantum dot 
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Spin exchange between a single-electron charged quantum dot and itinerant electrons leads to 
an emergence of Kondo correlations. When the quantum dot is driven resonantly by weak laser 
light, the resulting emission spectrum allows for a direct probe of these correlations. In the opposite 
limit of vanishing exchange interaction and strong laser drive, the quantum dot exhibits coherent 
oscillations between the single-spin and optically excited states. Here, we show that the interplay 
between strong exchange and non-perturbative laser coupling leads to the formation of a new non- 
equilibrium quantum-correlated state, characterized by the emergence of a laser-induced secondary 
spin screening cloud. 

PACS numbers: 78.60.Lc, 78.67.Hc, 78.40.Fy, 72.10.Fk 



Introduction. — Exchange interactions between a 
singly-occupied quantum dot (QD) and a fermionic bath 
(FB) of itinerant electrons in the bulk lead to the for- 
mation of a Kondo state When this many-body 
ground state is coupled to an optically excited trion state 
(with an additional QD electron-hole pair, see Fig. [1} by 
a laser field of vanishingly small Rabi frequency fi, the 
resulting emission spectrum at low FB temperatures T 
is highly asymmetric 0, Hj]. Within the energy range 
defined by Kondo temperature 7k 3> T, the spectral 
line shape is characterized by a power-law singularity. 
The Anderson orthogonality catastrophe determines the 
corresponding non-integer exponent and ensures that in 
this limit there is no coherent light scattering. In the 
opposite limit of large f2 and vanishing exchange inter- 
action (Tk — > 0), the emission spectrum consists of a 
Mollow triplet and an additional 5- function peak 
While the latter stems from coherent Rayleigh scatter- 
ing, the Mollow-triplet originates from incoherent transi- 
tions between dressed states that are themselves superpo- 
sitions of the original excited trion and the singly-charged 
ground states. 

In this Letter, we analyze the interplay between strong 
exchange and non-perturbative laser couplings. By us- 
ing a combination of numerical and analytical tech- 
niques, we find that the emission line-shape in the limit 
T <C fl <C Tk is drastically different than either of the 
two limits discussed above. Our findings demonstrate 
the emergence of a new quantum-correlated many-body 
state, which is a coherent superposition of the Kondo and 
trion states (see Fig. [1]). In the Kondo state, the elec- 
tron spin is screened by a spin cloud in the FB, formed 
within distance oc 1/Tk from the dot, which is missing in 
the bare trion state. The new quantum-correlated state 
is associated with the formation of an additional "sec- 
ondary" screening cloud at larger distances that com- 



pensates for the differences in local occupancies between 
the Kondo and trion states. Interestingly, the secondary 
screening process is also of the Kondo universality class. 
It sets in at the renormalizcd Rabi frequency O* ("sec- 
ondary Kondo temperature"), whose power-law depen- 
dence, fi* oc i7 4 / 3 , stems from the primary Kondo cor- 
relations. This new energy scale manifests itself in the 
location of a broad peak in the emission spectrum. The 
peak's tail exhibits a crossover between two power-law 
functions corresponding to the primary and secondary 
Kondo correlations, respectively. We also find that the 
emergence of the secondary screening cloud coincides 
with the recovery of the <5-function peak in the emission 
spectrum, whose weight scales as 5 we i g ht oc f) 2 / 3 . These 
predictions should be observable in experiments based 
on self-assembled QDs with strong tunnel coupling to a 
degenerate electron gas @. 

Model. — We assume laser light propagating along the 
heterostructure growth direction with circular polariza- 
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FIG. 1. (Color online) Competition between tunnel coupling 
and laser coupling on the QD |"f) state. While tunnel cou- 
pling would lead to a Kondo singlet state strongly correlated 
to the FB, a polarized laser creates dressed QD states. The 
characteristic energy scales in competition are the Kondo tem- 
perature Tk and the Rabi frequency f2, respectively. 



2 



tion ox = +1 and a frequency wl close to the QD X - res- 
onance. We model the system by an excitonic Anderson 
model d, augmented by a non-perturbative laser-QD 
interaction in the rotating wave approximation. We set 
H = fcs = 1 and assume zero magnetic field. In addition, 
the optical selection rules imply that when the laser field 
is right-hand circularly polarized (ctl = only the 

spin-up electron state will be optically excited, leading 
to the generation of a trion state in which the hole will 
be in the fT spin state (Fig. 1). We thus omit the cor- 
responding indices. The spontaneous emission rate 7se 
is assumed to be negligibly small compared to all other 
energy scales. In the rotating frame, the Hamiltonian, to 
be called "Rabi-Kondo model" , thus reads: 

H = } j (g e - U ch n h ) n ca + U riefHej, + (eh - w L ) n h 

a 



ftej/i 1 +H.c. 



(1) 



The first three terms define the QD Hamiltonian, where 
n ea = e£.e CT , Uh = while e£ and /i^ are creation 

operators for QD spin-tr electrons (a =t,4- or ±1) and 
holes, respectively. We denote the spin-degenerate QD 
electron level energy by e e , the hole level energy by £h, 
and the laser frequency by wl- We account for intra- 
dot Coulomb interaction by £/ h > and U > 0. To 
ensure a separated low-energy subspace formed by the 
three states in Fig. [TJ the laser detuning from the 
bare QD transition, <Sl = uj~l — s e — U — + 2J7 e h, 
has to be small in the sense defined below. The first 
term on the second line of Eq. (UJ models a nonintcr- 
acting conduction band (the FB) with half-bandwidth 
Do, symmetric around the Fermi energy ep = 0, and 
constant density of states p = l/(2Po) per spin. This 
choice is adequate, since only energies in the vicinity of 
£p are important. The second term on the second line 
of Eq. |TJ) is the hybridization term, describing tunnel- 
ing between FB and QD. We assume T « T « [/ ~ 
C/ h <C D <C £h, i^l and investigate a situation where the 
QD carries one negative charge (n c f + n c i — n-^) ~ 1, 
[101 ] . Finally, the QD-laser coupling is described by the 
last term in Eq. (UJ); it connects the hole-subspace (de- 
fined with projector — n^) to the subspace without 
hole (P 7 = 1 — rih)- In the P 7 -subspacc the system is 
susceptible to Kondo physics; the Kondo temperature 
Tk associated with the projected Hamiltonian P 7 PP 7 is 
T K = y/rU/2exp[-v\e e (e + U)\/(2UT)] 0,0. 

Emission spectrum. — The main physical observable 
which wc will examine throughout this paper is the emis- 
sion spectrum at detuning v from the laser frequency wl ■ 
It is proportional to the spectral function 

S{y) = ^ ftri |(n|/i ei |m)| 2 <5(P n -P m + ^), ( 2 ) 



where m) and E m are eigenstates and eigenenergies of 
the Rabi-Kondo model. Wc assume that spontaneous 
emission has a negligible effect on the system's steady 
state, which is taken to be a thermal state in the ro- 
tating frame at the temperature T of the solid state en- 
vironment, g m = Z~ x e~ Em l T Q, and concentrate on 
T = 0. We denote the energy difference between the 
Kondo singlet state |KS) (ground state of P 7 PTP 7 ) and 
the trionic state |X~) without a screening cloud in the FB 
(ground state of PhHP h ) by AE = P ,h - Po, 7 - To sim- 
plify the discussion we will address mostly the AE = 
case (achieved by properly adjusting the laser frequency 
ujl) below, and defer the treatment of finite AP to the 
Supplemental Material (SM) 0. 

Since the total spectral weight is given by (rih«ei) — 
0((rih)), it is strongly dependent on AP and f2. To 
enable mutual comparison between results for different 
values of these parameters we normalize all spectra as 
S {v) = S (u) I (rih)- Fig. [5] shows typical Numerical 
Renormalization Group (NRG) flll - fl3j results for S(y). 

For f2 ^ Tk no signatures of Kondo physics are ex- 
pected. The emission spectrum can be completely un- 
derstood in terms of a QD dressed state ladder with 
the assumption of zero spontaneous emission rate and an 
intra-manifold, FB-induced decay process [14|, ]ll 
spectrum has two peaks: a broad peak at \v ma . x 
and a delta-peak at v = , both with equal weight 0.25 
[see Figs. [2] (blue line) and [3]. 

The situation is much more interesting for the Kondo- 
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FIG. 2. (Color online) Normalized emission spectra S (u) 
for AP = and three characteristic choices for SI/Tr. (a) 
Schematic plots; thick arrows indicate Dirac 5-peaks. (b) 
NRG results for the Rabi-Kondo model Eq. (UJ): Log- log plot 
of the broad emission peak [S (y < 0)] . Dirac 5-peaks are 
omitted here for clarity. Thick solid lines denote spectra, 
while the straight dashed lines represent power-law asymp- 
totes. See the text for further details. We have confirmed 
similar results for the non-symmetric case e c ^ —(7/2 and 
U U c h as long as {n e f + n c _i — rih) — 1. 
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FIG. 3. (Color online) NRG results for the Rabi-Kondo model 
Eq. |T]): Position of broad peak |i/ max | (dots) in emission spec- 
trum and weight of 5-peak (circles) vs. Q/Tr. Thick dashed 
lines are power-law fits to Eqs. ([6]) and (J8j> . 



dominated regime, O <C Tk, which we consider hence- 
forth. In this regime one might attempt to treat the 
QD-laser coupling [last term in the Hamiltonian Eq. (JTJ] 
as a perturbation. This would yield a spectrum that is 
essentially the same as the O = spectrum calculated 
m Ref. |. However, we will show momentarily that this 
is correct only if the frequency \v\ is larger than a new 
energy scale O* <C Tk- 

Effective model. — In order to understand this restric- 
tion on the perturbative treatment of the QD-laser cou- 
pling, as well as to derive the low-frequency behavior, it 
is useful to introduce an effective Hamiltonian, valid in 
the entire regime \v\ <C Tk. It can be thought of as the 
result of integrating out the degrees of freedom in the 
Rabi-Kondo model H with energies larger than Tk. For 
W\ <C Tk we can concentrate on just two states of the QD 
together with these FB high-energy degrees of freedom: 
The Kondo singlet state |KS), featuring a screening cloud 
stretching a distance oc 1/Tk into the FB, and the trion 
state |X~), with no screening cloud. We thus replace 
the QD and the high-energy degrees of freedom of the 
FB (with energies > Tk) by a two level system (TLS) 
or a pseudospin, whose a' z = ±1 (a[ being the Pauli 
matrices) cigenstates correspond to the trion and Kondo 
states, respectively. These two states arc coupled by the 
laser light and are split in energy (in the rotating frame) 
by the laser frequency detuning. Furthermore, the elec- 
trons with energies < Tk experience different scattering 
phase shifts depending on the state of the TLS: in the 
|KS) state the electrons in the FB experience 6% s = n/2 
phase shifts, while in the |X~) state the phase shifts are 

5^ = (l+o-)ir/2 by the Friedel sum rule [l6| (see the dis- 
cussion of the screening cloud below for further details). 
All this is captured by the following Hamiltonian: 



H> = e 'k* c 'L c 'ko + n'o-' x 



AE' 



at 



ha 



E 

a,k,k' 



U'c 



(3) 



The first term is the Hamiltonian of the low-energy part 
of the original FB, and has the same form as before 
[cf. Eq. (JTJ], but with a reduced half bandwidth D' ~ T K . 
The second term in H' describes optical excitations, with 
Cl' = Q,(KS\hei\X~) T ^ oc O, where the subscript Tk de- 
notes taking the matrix elements with states confined 
to the FB degrees of freedom of energy > Tk- The 
third term in H' is the detuning, with AE' = AE up 
to an O-dcpcndcnt shift, as we have also verified numer- 
ically. Finally, the last term in H' accounts for the scat- 
tering of the FB electrons by the TLS. To mimic the 
scattering phase shift differences S^ s — 8* = — air/ 2 of 
the FB electrons in the two states of the TLS, we take 
tan _1 (7r = — (T7r/4, 0. For \v\ < T K , the emission 
spectrum 5(f) for the Rabi-Kondo model is reproduced 
qualitatively by 5' (f ) computed as in Eq. ([2]), but with 
H' and a'_ taking the place of H and he^, respectively 

Intermediate-frequency behavior and the emergence of 
a new energy scale. — To lowest order in CI', the behav- 
ior of 5'(f) is governed by the Anderson orthogonality 
between the TLS states |KS) and |X~), caused by the 
difference in phase shifts the FB electrons experience in 
the two states. The spectrum thus behaves as a power 



law, 5' (f) ~ \v 



2^-1 



with 



2 < = f - f 



(4) 
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being the Anderson orthogonality exponent [R_ . 
agreement with the O = results of Ref. 0. This implies 
that the hybridization operator a' x has a scaling dimen- 
sion rf x = 1/4 < 1 and is thus a relevant perturbation 
near the fixed-point CI' = 0. In other words, the leading- 
order renormalization group (RG) flow equation for CI' 
as one decreases the cutoff D' from its bare value D„ is 

m 



. d / CI' \ . , ,Cl' 



(5) 



The dimensionless coupling CI' /D' therefore grows and 
becomes of order one when the cutoff reaches the scale 



CI* 



D' 



cr_ 



T 



K 



CI \ 
Tk~) 



4/3 



« T K . (6) 



Hence, one may treat the term Cl'a' x [corresponding to the 

last term in Eq. (JTJ] as a perturbation only if \i/\ 3> CI*. 

~ 1/2 

The power-law 5(f) ~ |f thus applies at interme- 
diate frequencies, CI* <C |f | <C Tk. The power-law di- 
vergence of the spectrum is cut off around |f | ~ CI* [l]|, 
resulting in a maximum in the spectrum at this scale, 
as confirmed by the NRG data shown in Figs. [2] and [3] 
The emergence of this new energy scale is one of our cen- 
tral results. At low frequencies, \v\ <C CI* , the physics is 
governed by a new fixed point, which we now discuss. 
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Secondary Kondo screening. — To understand this new 
fixed point we recall that since H' describes a TLS cou- 
pled to an Ohmic reservoir, it belongs to the same univer- 
sality class as the anisotropic Kondo model. This "sec- 
ondary", or auxiliary, Kondo model should not be con- 
fused with the original "primary" isotropic Kondo model 
for the QD spin. The role of the secondary Kondo tem- 
perature is played by 51*. Thus, at energies smaller than 
51*, the original system flows to a strong-coupling fixed 
point featuring a strong hybridization between the Kondo 
and trion sectors, as confirmed by the NRG level-flow 
data The low-energy behavior is universal when en- 
ergies are measured in units of 51*. 

One of the predictions of this "secondary Kondo" pic- 
ture is that the ground state of H for 51 <C Tk and AE = 
is an equal-amplitude superposition of the Kondo and 
trion states, with some secondary screening cloud, whose 
distance from the QD is larger than the Kondo length 
oc 1/Tk associated with the primary screening cloud. To 
understand this nested screening cloud structure, con- 
sider a reference state where the QD valence levels are 
filled and its conduction levels are empty. In the state 
KS) (ground state for 51 = 0, AE > 0) the average 
electronic population is shifted with respect to the ref- 
erence state by 1/2 electron per spin direction and the 
total spin is zero, corresponding to the aforementioned 
phase shifts S^ s = tt/2 by the Friedel sum rule [lij ]. 
Thus, the correlation function between the dot spin and 
the total reservoir spin is (SqdSfb) = — V^- This im- 
plies that when projecting into the subspace with spin 
up (down) in the dot, the reservoir has a net additional 
single spin down (up) electron fl9l ] within a screening 
cloud up to a distance cx 1/Tk from the QD. If, on the 
other hand, 51 = but AE < 0, the system is in the trion 
state |X~) with two electrons and a spin- up hole; overall, 
only the spin-up population is shifted (by 1) with respect 
to the reference state, leading to 6* = (1 + o-)tt/2, as 
mentioned above. Turning on the laser source 51, when 
AE = the ground state is an equal-amplitudes super- 
position (of spatially restricted versions) of the Kondo 
and trion states ((Ph) = {Py} — 1/2) as depicted in Fig. 
Etc). In analogy with the screening of a QD spin in a 
Kondo singlet, the FB screens the different spin configu- 
rations of the |X~) and |KS) states, adding half an elec- 
tron spin up to the Kondo state and half a spin down to 
the trion state within distance ~ 1/51* of the QD [20| . 
This nested screening cloud indeed appears in the NRG 
results as seen in Fig. |4l further confirming our effective 
low-energy description. 

Low- frequency behavior and S-peak. — To derive the 
low-frequency behavior of the spectrum, as well as the 
appearance and weight of the elastic 5-peak mentioned 
in the introduction, we need to make the notion of "sec- 
ondary Kondo effect" more precise. This can be done for- 
mally by transforming H' into a secondary Kondo model 
in two stages: (i) Upon bosonization of the FB [2l| H' 



becomes the spin-boson model with Ohmic dissipation 
22|; (ii) the spin-boson model can be mapped onto the 
anisotropic Kondo model [l], 0] : 



<T=t4 



^-S'A (0) + ^S'_s' + (0) + H.c. - AE Z S>, (7) 



where vf = l/(np) is the Fermi velocity, are the 
components of the auxiliary Kondo impurity spin, and 
*i(0) = E^^W^r'VvW^ {n being the Pauli 
matrices) are the FB spin density components in the 
vicinity of the impurity. Under this mapping a' z = 2S' Z 
(hence AE Z oc AE') but a' + -> S' + s'_ (0). 

One can now use known results on H' K to find the low- 
frequency (| j/ | -C 51*) behavior of the emission spectrum 
of H' . By the above mapping S' (y) is proportional to the 
spectral function of the retarded correlator of S' + s'_ (0) 
with its conjugate in H' K . Since the anisotropic anti- 
ferromagnetic Kondo problem flows to the same strong- 
coupling fixed point as the isotropic version, the calcula- 
tion of low-frequency power-law exponents can be done 
in the isotropic case J z = J xy , where the correlation func- 
tion of S' + s'_ (0) can be replaced by the S' z s' z (0) corre- 
lation function. At low energies, after the impurity spin 
is screened by the FB, S' z s' z (0) can be replaced by the 
square of the local density of the z-component of the elec- 
tronic spin, which is a four-fermion operator. Thus, in 
the absence of an effective magnetic field, AE Z = 0, its 
correlation function scales at long times (t > 1/51*) as 
i~ 4 , leading to a ~ \v\ low- frequency behavior of the 
corresponding spectral function. The same then applies 
to (y) in the regime \u\ <C 51*. This is indeed the 
behavior of the NRG results, cf. Fig. [Hand SM @. 

The above picture leads to another implication for the 
spectrum: Since the relevant perturbation Cl'a' x strongly- 
hybridizes, and thus cuts off the Anderson orthogonality 
between the |KS) and |X~) states at energy scales smaller 
than 51* (l3j , a Dirac S-peak is now allowed to appear in 
the spectrum. By the definition of S'(i/), the weight of 
the delta-peak is ^weight = |(Cx)| 2 . Since 51* is the only 
low-energy scale, we expect that 51' (a' x ) oc 51* oc 51' 4 / 3 . 
Hence, (a'J oc 51' 1 / 3 oc S! 1 / 3 , leading to 



^weight 



SI 2 / 3 , 



(8) 



which is in excellent agreement with the NRG results, 
Fig. El M- 

Conclusions. — Laser excitation of a quantum dot in 
the Kondo regime can lead to a new correlated state 
at energies below a renormalized Rabi frequency 51* 
[Eq. (J5|)]. The Rabi coupling occurs between a many- 
body Kondo state and a trion state and is accompa- 
nied by formation of an unusual secondary spin-screening 
cloud in the FB (Fig. 2]). The new correlated state gives 
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FIG. 4. (Color online) NRG results for the Rabi-Kondo model 
Eq. |T}: Distribution of magnetization n^. m — n\,, m along the 
Wilson chain, obtained after acting with QD projectors (a) 
Py,a = PyTie,a (1 — ne,a) and (b) Ph on the ground state \G), 
for fi/T K = 10" 4 and AE = at T = 2 • 10~ 14 P (cor- 
responding to the energy scale of Wilson site tut = 68). 
Even-odd oscillations have been averaged out. The QD is 
represented by site zero. In (a), the Kondo state, restricted 
to a region of size < 1/Tk (subscript r), approximately 
|KS) r oc |t) |FBj_) r — ||) |FB-f) r , features a singlet configura- 
tion with FB magnetization opposite to that of the QD (left 
dip/peak structure). In (b) the |X~) r trivial FB configura- 
tion appears within the same length scale. The presence of a 
laser (fi > 0) combines the states |KS) r and |X~) into a new 
ground state |G) oc |KS) r |FB . 6 t) - |X _ ) r |FB . 5 i), where FB 
states |FBo.5ct) carry a magnetization of half a spin a at dis- 
tance [peak in (a)/ dip in (b)]. The spin orientation of 
the secondary screening cloud is controlled by the laser polar- 
ization <7l = +1. (c) Schematic drawing of nested screening 
clouds in the ground state. 



rise to a specific line shape of the resonance fluorescence 
spectrum. It is characterized by two peaks (Figs. [2] and 
[3]): (i) A broad peak centered around \v\ = 0*, with an 
inverse-square root high-frequency tail [Eq. Q], result- 
ing from the Anderson orthogonality between ground and 
post-emission states resembling |X~) and |KS) at length 
scales <C l/f2*. A Fermi- liquid type low- frequency tail 
stems from the cut-off of the orthogonality by the rele- 
vant Rabi coupling, as ground and post-emission state 
share a "common" FB configuration at length scales 
^> l/f2* due to the secondary screening cloud, (ii) This 
common FB region leads to a Dirac <5-peak at v = 0, 
whose weight scales as a power-law with the Rabi fre- 
quency f2 [Eq. ©]. The ft dependence of the strength 
of coherent Rayleigh scattering in the presence of a finite 
spontaneous emission rate 7se remains an open question. 
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